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Abstract-The improved magnetic induction tomography (MIT)
coil system which consists of the two-arm Archimedean spiral
coil (TAASC) as excitation coil and the solenoid as receiver coil
has much better performance in coil system sensitivity than the
conventional MIT coil system which uses the solenoids as
excitation coil and receiver coil. In this paper the theoretical
sensitivity property for improved MIT coil system are studied
fully. The magnetic fields produced by TAASC and solenoid are
derived approximately based on the Biot-Savart law. The
relations between the coil system sensitivity and the parameters
(amplitude of excitation current, maximum outer radius and
number of turns of TAASC, and number of turns and length of
solenoid) of coil system are calculated. The results show that the
sensitivity for improved MIT coil system is proportional to the
number of turns of solenoid and electric current of TAASC, and
can be improved with the increase of maximum outer radius of
TAASC and radius of solenoid. The sensitivity is decreased as the
length of solenoid increasing, and not significantly associated
with the number of turns of TAASC.

Keywords-Magnetic induction tomography (MIT), biological
tissues, coli system sensitivity, two-arm Archimedean spiral coil
(TAASC).

I.  INTRODUCTION

Magnetic induction tomography (MIT) is an emerging
imaging method to reconstruct the distribution of electrical
conductivity within biological tissues. Compared with the
earlier electrical impedance tomography (EIT) technique, MIT
has a definite advantage of non-contact, and hence is more
suitable for medical applications such as the haemorrhagic
cerebral stroke or brain oedema diagnosis [1].

The design of coil system is much important for MIT,
which can strongly affect the sensitivity of measurement
signal [2]-[4]. A typical MIT coil system includes an array of
excitation coils and an array of receiver coils. As illustrated in
Fig. 1, the excitation coil carrying a harmonic current / emits a
primary excitation magnetic field By, and then a primary
voltage V) is sensed in the receiver coil. With the action of By,
the eddy current can be induced due to the electrically
conductive object and a secondary magnetic field perturbation
AB is produced, causing a secondary voltage perturbation AV
sensed in the receiver coil. AV is of our interest, which
contains the information about the electrical conductivity ¢ of
object. Unfortunately, because the values of ¢ for human
tissues are usually small, AV can be very weak in comparison
with ¥, meaning low coil system sensitivity [1], [3].

The solenoid is the commonly used type of excitation coil
and receiver coil in MIT coil system [5]-[8]. However, our
recent study shows that this conventional MIT coil system has
a low sensitivity for measuring the change of ¢ inside
biological tissues compared to the improved MIT coil system
with the two-arm Archimedean spiral coil (TAASC) as
excitation coil and the solenoid as receiver coil [9]. This paper
aims to investigate the sensitivity property for our improved
MIT coil system comprehensively. The expressions for x, y
and z component of the magnetic fields produced by TAASC
and solenoid are derived approximately based on the Biot-
Savart law, and then the coil system sensitivity is obtained.
The maximum coil system sensitivity is tested at different
amplitudes of the excitation current, different radiuses and
numbers of turns of the TAASC and the solenoid, and
different length of the solenoid via the MATLAB tool.
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Figure 1. Schematic diagram for principle of MIT

II. METHODS

A.  Model for Improved MIT Coil System

Fig. 2 shows the model for improved MIT coil system. In
this model the excitation coil is a two-arm Archimedean spiral
coil (TAASC) and the receiver coil is a solenoid. The TAASC
is constructed by two opposite Archimedean planar spirals
connected at its center. For a TAASC placed in the x-y plane
with its center at the origin, the equation in polar coordinate
system for it is
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where 7y and n are the maximum outer radius and the number
of turns of TAASC, respectively [9], [10].
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Figure 2. Model for improved MIT coil system.

B. Sensitivity Calculation in MIT Coil System
In MIT coil system, the sensitivity S is usually defined as
AV
5= Tax @
where k¥ = o + jwee, is the complex electrical conductivity of
perturbing object and Ax represents the change of «.
According to the extensive Geselowitz relationship the coil
system sensitivity S can be calculated strictly, while it is a
complicated and time-consuming work [11]. However, for an
isolated perturbation in the empty space S can be expressed
briefly based on the reciprocity theorem as
S=kB B, 3)
where B; and B, are the magnetic fields produced by
excitation coil and receiver coil respectively, and k£ is a
constant factor only related to the perturbation characteristics
[12]. Due to the unknown k, only a scaled sensitivity map
could be obtained for the improved MIT coil system, but it can
still reflect the sensitivity property accurately.

C.  Magnetic Field Expressions for TAASC and Solenoid

For MIT the frequency of electric current in the excitation
coil is generally less than 10 MHz. Therefore, the dimension
of excitation coil could be very small in comparison with the
wavelength of electromagnetic wave emitted by the excitation
coil, and the electromagnetic field produced by the excitation
coil could be treated as the static field in the region not far
away from the excitation coil. According to the Biot-Savart
law, for the TAASC in Fig. 2 when the excitation current /; in
it is low-frequency, its three components of magnetic field B,
at arbitrary point (x, y, z) in the empty space are
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where p = pigrol,/87°n and g = ro/2n.

If a solenoid with radius R, length /, number of turns N and
electric current /, is placed at the position in Fig. 2, the
magnetic fields produced by it can be derived similarly based
on the Biot-Savart law as

Bzx:mr”dejl : COSH(ZTt) i — dt
0 O((x—RcosO) +(y—Rsin8) +(Z—-1t)")

, )

Bzy:mjz;r J-z : sm&(Z—.t) i - dt
0 O((x—RcosO) +(y—Rsin8) +(Z—-1t)")

(®)

B, =m‘[2” J-z Rz—xcos¢9—.ysmzl9 — dt
0 O((x—RcosO) +(y—Rsinb) +(Z—-1t)")
)

where m = yyNLR/Arl and Z=z —d.
III. RESULTS

A.  Normalized Sensitivity Map for Reference Coil System

The improved MIT coil system which is used as a reference
is based on Fig. 2. The values of related parameters for the
reference coil system are listed in Table I. The calculation
region is in the plane x = 0 with —100 mm < y < 100 mm and
10 mm <z < 210 mm. Fig. 3 shows the normalized sensitivity
map for the reference coil system. The maximum sensitivity
appears at the point x =0, y =20 mm, z =210 mm.

TABLE I
VALUES OF PARAMETERS FOR REFERENCE COIL SYSTEM
Parameters 1 n o N R 1 d
Values 1A 1 50 mm 1 20 mm 10 mm 220 mm
E 0.5
E 0
S -
£
=}
“ -05

z (mm)

0 -50
10 -100 5 (mm)

Figure 3. Normalized sensitivity map for reference coil system.




B. Maximum Sensitivity versus Number of Turns of TAASC and
Solenoid

Fig. 4 shows the scaled maximum sensitivity versus the
number of turns n of TAASC and N of solenoid. The
maximum sensitivity is scaled to the maximum sensitivity of
reference coil system. The variation range for n is 1 to 10 and
for N is 5 to 50. In the process of changing n, the maximum
sensitivity point is x = 0, y = 20 mm, z = 210 mm when 7 is 2
to 6 while at the position x =0, y =20 mm, z = 210 mm when
n is 7 to 10. However, the maximum sensitivity is always at
the position x = 0, y = 20 mm, z = 210 mm when changing N
in the given range.
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Figure 4. Scaled maximum sensitivity versus number of turns n (a) of TAASC
and N (b) of Solenoid.
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C.  Maximum Sensitivity versus Maximum Outer Radius of TAASC
and Radius of Solenoid

Fig. 5 shows the scaled maximum sensitivity versus the
maximum outer radius 7, of TAASC and radius R of solenoid.
The maximum sensitivity is scaled to the maximum sensitivity
of reference coil system. The change range for 7y and R is both
10 mm to 100 mm. The maximum sensitivity is at the position
x =0,y =20 mm, z =210 mm when changing 7, in the given
range. For the parameter R, the maximum sensitivity is
obtained at the point with x-coordinate 0, z-coordinate 210
mm, and y-coordinate listed in Table II.
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Figure 5. Scaled maximum sensitivity versus maximum outer radius 7y (a) of
TAASC and radius R (b) of solenoid.

TABLE II
Y-COORDINATE OF MAXIMUM SENSITIVITY POINT VERSUS RADIUS OF
SOLENOID IN THE CALCULATION REGION

R 10 mm 20 mm 30 mm 40 mm 50 mm
y-coordinate 10 mm 20 mm 30 mm 40 mm 50 mm
R 60 mm 70 mm 80 mm 90 mm 100 mm
y-coordinate —20 mm —20 mm —20 mm —20 mm —20 mm

D.  Maximum Sensitivity versus Electric Current of TAASC and
Length of Solenoid

Fig. 6 shows the scaled maximum sensitivity versus the
electric current /; of TAASC and the length / of solenoid. The
maximum sensitivity is scaled to the maximum sensitivity of
reference coil system. The change range for /; is 0.2 Ato 2 A
and for / is 5 mm to 50 mm. The maximum sensitivity is at the
position x =0, y = 20 mm, z = 210 mm when changing /; and /
in the given range.
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Figure 6. Scaled maximum sensitivity versus electric current /; (a) of TAASC
and length / (b) of solenoid.

IV. DISCUSSIONS AND CONCLUSIONS

o

In the improved MIT coil system, the sensitivity is a
quantity related to the position of perturbation. For the
reference coil system, its sensitivity map is anti-symmetric
about the plane y = 0 and the maximum value appears at the
point x = 0, y = 20 mm, z = 210 mm in the calculation region,
as shown in Fig. 3.

It can be seen from Fig. 4 that the sensitivity for improved
MIT coil system does not specifically relate to the number of
turns of TAASC, but is proportional to the number of turns of
solenoid. The position of maximum sensitivity is unfixed with
the number of turns of TAASC increasing, and yet invariable
no matter how the number of turns of solenoid changes.

In Fig. 5, the coil system sensitivity can be improved by
increasing the maximum outer radius of TAASC or the radius
of solenoid. The position of maximum sensitivity is unaltered
with the increase of maximum outer radius of TAASC.
However, the y-coordinate of maximum sensitivity point is
variable when the radius of solenoid increases, as show in
Table II.

The coil system sensitivity is proportional to the electric
current of solenoid, and decreases as the length of solenoid
increases, as shown in Fig. 6. The position of maximum
sensitivity is unfixed regardless of the change for electric
current of TAASC and length of solenoid.

In conclusion, the sensitivity for improved MIT coil system
has its maximum value in the region of interest, and the
perturbing object ought to be placed near the maximum
sensitivity point. The coil system sensitivity could be
improved by increasing the maximum outer radius of TAASC,
electrical current of TAASC, number of turns of solenoid and
radius of solenoid. For the actual design of improved MIT coil
system, all the parameters should be considered synthetically
in order to make the coil system sensitivity optimum.
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